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POLARIZATION AT POROUS FLOW-THROUGH ELECTRODES

L. G. Austin, P. Palasi and R. R. Klimpel
Fuel Technology Department, Pennsylvania State University,
University Park, Pa.

INTRODUCTION -

The flow-through electrode is an electrochemical system which has received
little attention. It is of primary interest in redox fuel cells (1, 2, 3) where <
a dissolved ionic fuel (or oxidant) is to be reacted -at an electrode. In such
a system, where liquid is circulated through the cell, it is clearly much better {
to force the fresh liquid through the electrode and take spent liquid from the .

. {
~ exit side. The electrode then acts as a separator between fresh and spent liquid 4

and, .more important, the mass transport of reactant to the electrode can be easily

controlled. By forcing electrolyte through the electrode, we no longer have to ‘

rely on diffusion of fuel to the electrode and, consequently, the mass transport
problems of non flow~through electrodes can be considerably diminished. Similar-
ly;=for fuels or oxidants such as methanol, hydrazine, nitric acid,etc., which |
can:be _dissolved -in high concentrations in the electrolyte, it may be desirable '
to use flow-through electrodes (4, 5, 6). ’

When the processes occuring in flow-through electrodes are considered, it
readily becomes apparent that several parameters are of first importance. The
concentration of reactant and rate of flow determine the maximm current which ' 1
can be drawn, since we cannot draw more current than the correspond:lng amount of
reactant put’ in pet second. The speed of the electrochemical reaction, in the
form of the" exchange current for the reaction (7), is of importance in determin-
ing the learl:ation at a given current. In addition, the obmic voltage gradient
in the electrolyte in the pores of the electrode also affects the polarization.

::Perskaya -and- Zaidemman (8) gave the basic mathematical form of the process.
However; they solved the equation only for low current density, low polarization
conditions, where.the approximation exp(GnFn/RT) = 1 + aoFn/RT applies. In our
analysis we have found that this can only rarely be applied. The treatment we
~give. explains reasonablyv well the whole current-voltage range of their experimental
resilts.and also explains the experimental results of Bond and Singman (9). How-
ever;sthe -assumptions. made in the theory are not generally valid and the breakdown
of the theory is demonstrated and discussed.

PHYSICAL SYSTEM TREATED AND ASSUMPTIONS ' ' N
IBVOLVED.

.The physical system studied consists of a uniform, porous, plane electrode
with feactant dissolved in electrolyte flowing into the left hand face; unreacted
reactant and dissolved product flow out of the right hand face (see Figure 1).

The reaction could be a simple redox reaction such as. Felt «@Fe3t 4+ e in acid
solution. 1In a redox cell employing a separator the circuit is completed within
the cell by ®hH flowing from the amode to the cathode. The following assumptions
are made. (i) The flow is uniform through the electrode. This is very nearly
true for a small experimental electrode, but it may not be so for a large electrode.
(i1) Ohmic loss in the material of the electrode is negligible, This will be a
good approximation for properly comstructed electrodes of metal or carbon. (iii)
The reaction at the external faces of the electrode is small compared to the total
reaction. The external faces can be considered as extensions of the internal area
and the assumption would only be false in the limit where the internal area became
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small. (iv) The pores of the electrode are small in radius compared to their
length, so that negligible concentration gradients exist across the radius of the
pore. In other words, the pore radius is so small that radial diffusion is rapid
enough to maintain uniform concentration across the pore radius; the only concen-
tration changes will be linear along the axis of the pore. With this assumption,
the variation of laminar flow rate across the pore radius is of no consequence.
This assumption is discussed later in more detail. (v) The porous electrode has
its pores so well interlinked that it can be considered to act as a homogenous
system, with variation of conditions at a given penetration applying only over
small regions. Electrodes must be constructed so that no major cracks or pinholes
exist. (vi) The flow rate is great enough that axial mass transfer of reactant
and product by diffusion and ionic migration is negligible -compared to mass trans-
fer by the bulk flow. It should be noted that the current must be supported by

. ionic migration and, therefore, this assumption may not always be valid. It will

be a good approximation, however, when the concentration of supporting electro-
lyte is high, e.g. a strongly acid solution is used. 1In this case we can also
assume that the specific conductivity of the electrolyte remains constant, (vii)
The streaming potential is small compared to other effects, which will be true
when strong electrolytes are used. -

A less easily justified assumption is that the electrochemical reaction at
the pore surface is a simple reaction with the rate form (7)

1= o[ ®RRYEV® - (B/py)eN/P] o (1

Rj, Pi are the entering concentrations (assumed equivalent to activities) of the
reactant and product; i, i, refer to unit area of the pore surface, (see list of
nomenclature). Equation 1 may apply to simple redox reactions, but one would
expect, for example, dissolved methyl alcohol fuel to have a more complex form.
At open circuit conditions, with no current flow, R and P are constant though the
electrode and equal to R; and P;, and they determine the theoretical potential.
However, if the basic exchange current is small then impurities in the feed may
give rise to leakage current and a mixed potential may be obtained. A sufficient
rate of flow will prevent diffusion of a disturbing material from the other elect-
rode, but any impurities in the feed are being constantly replaced. Thus, very
low current density measurements and open circuit potentials may not correspond
to ideal values.

THEORY

Consider unit face area of the electrode, Let the velocity of flow through
the electrode be v, cm” per sq cm of face per second. Consider element dx in
Figure 1. The amount of reactant flowing in per second is Rv and the amount flow-
ing out is [R + (dR/dx)dx]v. The amount of R reacted to P in the element, per
second, is given by

di/oF = io[ (R/R)eV® - (P/p1)e /) (s /nF)dx (2

n is the total number of electrons involved for each complete reaction; S is the
reacting area per unit volume of electrode. At steady state, therefore,

Rv -[R + (dR/dx)dx]v = (i,S/0F)[(R/R;)eV/b - (P/pi)g-n/b]dx

or :
~ar/dx = (1,8 /viE) [R/RD VD - (2/pyye VP] (3
Also, at steady state, R; + P; = R + P, therefore '
. b /by
-dR /dx = (103/vnr)[a(93—/— 2 (Ri * PY) -n/by (%

(Ri P{ P
If the specific resistance of the electrolyte fb p', the porosity of the electrode
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€ and the tortuosity factor q (10) then, by Ohm's law,
(p'q/€)i = dn/dx

i

(1/p) dn/dx (5)
where P is understood to include the porosity and tortuosity factors.

The complete solution to the problem is given by the solution of equations
4 and 5. We could not, however, obtain an analytical solution. Computed results
are presented later, but it is informative to consider a limiting condition which
has an analytical solution. The limiting condition is that the ohmic drop within
the electrolyte in the pores is negligible. The effect of ohmic drop can be
considered as a disturbance of this limiting condition.

CASE 1. Ohmic Effects Neglected

Neglecting ohmic drop and working with equation 4 only, we can separate
and integrate from x = 0, R = Rj to x = x, R =R,

1 [(e'f]/b _ e-'f]/bl

(i S/vaF)x =

(6)

When x = L, the thickness of the electrode, R = R¢, the final concentration of
reactant issuing from the right hand face of the electrode. The current per sq cm
of electrode is

i = aFv(Rj - Rf) @)
The limiting current density is clearly given by

iy, = nFvRj (7a)
Thus

i/if, = 1 - Rg/Ry = degree of conversion (8)

To get the relation between current and polarization we have to substitute for Rg
in equation 6 using equation 8, as follows

(LioS /voF) ((eNP/Ry) + (e /b/py))

= In(e/P-e /) - 1n] (Re/Ry)eT/P-(Ry/Py)e 1/ 1Y 4 (Rg/Py)e 1]
For algebraic convenience let 7y = Ri/P;, Q = eN/b _e-n/b, then

(LiOS/vnFRi)(e"]/b + ye'n/b)
= 1lnQ - ln[(Rf/Rj_)(eT]/b + e_n/b) -1+ y)e'n/b]
Again, for algebraic convenience let en/b 4+ ye'n/b = f, then
, e (LioS/IL)E g = Re/Ri)E - (1 + y)e WP

or i/ij = 1 - Rg/Ry = (£ - Qe-(LSio/ig)f - (1 + y)eyn/b)/f
(eN/b + ve-n/b e-N/b _ Ye‘ﬁ/b _ Qe'(Lsio/iL)f)/f
or i/ij = Q (1 - e'(LSiO/iL)f)/f 9

This is the equation relating current to polarization and it includes the para-
meters of iy, S, L, v, Rj, Pj.

Two limiting cases can be considered. Firstly, let us consider the low
current case where 1m — 0.

Using eN/P = 1 4+ /b when 1/b is small,

1In ]
PRy + Py @RDEVE - (R; + 2y - R) R

=T

~

P N o —————n it
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s s n _h
1/, = 2(n/b)1 — - o @Sip/ip[1 + 5+ v b)])
1+ g+ f 1’-3

When LSio/iL is small, that is, it is a reaction with a relatively low exchange
current,

i/iy = 2(LSi_/ip)(n/b) . - (10

This is the required logical result since, as b = RT/amF, @ ~ 1/2 (n; is the
electron transfer in the rate controlling step), ’

i = (LSip)niFn/RT .
On the other hand, if LSi,/iy, is lafge, then
i/iy = Q/f
= (eN/b - e n/by /(P 4 ve /P
Rearranging .
n = (2.3RT/nF) log[ ¥ ¥i/iL)y : ©(11)
(1 - i/ig )

This is again the expected result: it corresponds to pure concentration polari-
zation (see reference 7, p. 15, where the above result can be obtained from equation

26a by setting i/I = 0). . .
At large values of 7} (the larger is y the larger 1 must be for the following
approximation to hold) e-N/b can be neglected compared to en/b and o

-(SLigy/iy) en/b (A1»‘2)

As necessary, as 1/b becomes large, i/ij - 1. Figure 2 shows the form of i versus
7 for various values of exchange current. To make the curves as general as pos-
sible it is convenient to plot in the form i/ij versus T/b, with T,/ij as the

variable parameter. i, is defined by
o = ioSL . ' ' 13y .

i/iL=l-e

For small values of To/iL, the electrode is highly polarized and the factor

y(=Ri/Pi) does not affect the result. A Tafel region is observed at current

densities well below the limiting current. This can be predicted from equatien

12, since when i/i; is less than 0.1, the exponential term is near 1 and

Ry - . b

ifig ~ (/1) NV
T~ (2.3RT/anpF) log(i/fi,) . (12a)

CASE 2. Ohmic Effects Included

From equation 5 we have
difdx = (1/p) d’n/ax? .
From equation 7 we have
di/dx =-vnF dR/dx .
We can also combine equations 5, 7 and 7a to give
R/R; = (1 - (1/igp)dn/dx)
Cémbining these equations with equation 4 gives

-n/b -n/b (R; + P; e‘ﬂ/b
2/ = oiosr, (1L g 7 ey Ry + Py
d°n/dx¢ = piOS[Rl( Lp a0 (K] YRO) P)

Equation 14 is the basic equation relating polarization to distance into the elec-

. a®

trode. We were not able to find a general analytical solution to the equationm,
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Y U .
therefore, thg‘équation was put into a form suitable for numerical integration. ¢

For computational convenience it is helpful to define reduced values of 7,

x by‘a“ rbxe wol i . ¢
= n/b (15) '
{G1) i = x/L (15a)
It 159%%52(c223f?¥ent to define a maximum ohmic polarization A by ) ;
A= dppL (16)

A is the maximum possible ohmic loss through the electrode and is obtained under
conditions where the reaction is completed in a differential element at x = 0,
so that all the ions supporting ij have to be transported from L to x = 0 (or

x = 0 to L). This can only occur at very large total polarizations. Replacing
. Ry/P; by v, n/b by i, and x/L by X, equation 14 goes to

2=, 2 = 1-b dn -0 -
/e = (/1) (A/b)[g b E%(eﬁ tye M - @+ e ]
Againj it is convenient to define a reduced A by
A/b . (16a)

T and A are reduced quantities,

~trslog woias
asThenpodropping o’

a2n/ax? = (i,/iy) al(1-(1/a)dn/dx) (eHye™) - (1+y)e M)

SRy DBOunddry ¢oﬂd1t10ns ‘are N, at x = 0 and at x = 1, where is the

n=To =Ty L
polarization at tRe fight'hand face of the electrode in mu1t1p1es of b. "Integrat- s
ing{equation 17 once,

‘lbar but remembering that i

(M + ye M -e™ - e Myax - fn (" + veMydn ]

: .Tlo Mo

adl as T orizs

(1;/1L)[Af (e - eMdx - (&N - ve ™M - (e

If x is divided into M small increments of Ax such that over any Ax, n is proportion-
al to x and Aﬂ/Ax is a constant we get, at the N th increment,

Mo _ 'ﬂo

N1

162982 03 doe (1ims - ﬂ fiy-1 N-1
P ST o (e 18m) ™+ e ol e 0]
AeIinnpa moxl be - -[(e - ve T]N) - (e? - ve °)]) (18) *
boe I wren 1 - th . ) .
Any is the increase in poLarlzatlon over ithe N-1 to N acroment. Also, from

equation 5,
GBS 41 = (1/piy) dn/dx

where 1, x are actual values. Replacing, as before, m/b with T, x/L with ¥
1/i; = (b/pigl) dn/dx = (1/B)dn/dx .

Dropping the bars,
1/i; = (1/8) dn/dx .

Thus the total current density from the electrode is
i/i = (1/8) (dn/dx) (19)

To calculate 1 and 1/1&, equatlon 18 is progressively solved using a suitable
value of Ax and the value of 7 plotted versus x. The value of dn/dx at x = 1 is
obtained graphicaL +Egquation 18 is solved by assigning a value of m_ and gues-
m?JQt a vdlue of, n‘T‘tThls is substituted into the R.H.S. of equation 18, with
gﬁ’ Mo, ¥ &Ny - Aﬂl i's calculated. When it agrees with the substituted value of

ﬁaﬁthlﬁhéh%pecifled error, the calculation is correct and may proceed to the

ot cij@ﬁg“ afds ol anidg
program for~ computatlon of equation 18 is available from the
authors.
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next step. The final polarization is at

x = 1, N=M, and the total current is

obtained from equation 19. This is repeated for another value of 1, (which is
the polarization at the left hand face of the electrode) and other values of 7
(at the right hand face) and i/ij are obtained. By this means, the complete

range of 7,, 7 and i/i;, from i/i; small
terms in e can be neglected when 7, is

1
Ly~ (io/iL)Axeno[ZA(Ax/AﬂN)(en N

where nl is measured from 1m,, that is, 7

to i/i; = 1 can be obtained. For vy <1,
greater than 1, and equation 18 goes to

1 1
A A Y (20)

= nl + 7y. This form can be fairly

rapidly computed. When (io/iL)(Ax)enoA is small, the final value of 7~ is small
and ’

dn/dx

(1,/iy) e 0oz %—:(1 +0y = 1= Tyop)
(/i) e 2aSnx

(io/iL)Aenox

Therefore, .
1 N
Ny = (10/1L)e A [ x dx

.. o_3
(i /ip)0e "x4/2 : 1

For this low current condition

n
/i) = (1/8)(dn/dx) _, = (/) (i /i )e °s

(io/iL)eno (22)

This, of course, is a Tafel form. The equations tell us that, for an irreversible
reaction at low current, the additional polarization nl caused by ohmic loss is
one-half that expected if all of the current flowed completely through the porous
system, since, from equation 21 :

ey - Gyl

(i/ip)a/2

This is reasonable, since, under these conditions, the electrode is reacting uni-
formly throughout its thickness and the mean distance the ions have to penetrate
is half the thickness.

Equation 20 predicts that, for irreversible conditions, the shape of the 7
versus 1/ij curves will be the same for any i,/i; value (for a given A value, of
course) but shifted to higher or lower polarizations. This is because (:'Lo/i]_.)en°
is the controllinﬁ parameter and we therefore know that 7" is the same for a given
value of (i,/ij)e'lo. Thus for a given set of ! valués

n (N, + 2179
(olip) e © = (glip)ge © L

where 4n; ) represents the bodily shift. Then

oy, = 2.3 log[(io/iL)]_/(io/iL)Z]

or
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&mypvolts = (2.3b) Iog[(io/iL)I/(io/iL)z]

Let us now consider the limiting case where activation polarization is
negligible and only concentration and ohmic effects are present. From equation !
17, when (i,/ij)A is large, dzn/dxz/(io/iL)A tends to zero and we get equation
11. Equation 11 thus represents the limiting case whether an internal ohmic
voltage gradient is present or not. For a given 7Ty, a larger ohmic effect will
give a higher i/iL since the concentration of reactant and product will change
to keep match with the voltage: but since 7, is essentially zero at all currents
up to near the limiting current, m is determined solely by i/i;, according to
equation 11. The position of reaction in the interior will change with 4, but
the final result will not.

At intermediate conditions where neither equatioh 20 nor equation 11 apply,
equation 18 is tedious to compute. However, if v = 1 the equation goes to

o ox . e s
ong = (210/1L)Ax[Z$A an (cosh My - cosh my_;)-(sinh Ty - sinh no] (18a)
Tables of hyperbolic functions can then be used.

RESULTS OF COMPUTATIONS

In a previous report (ll), the equations were solved by hand computation.
They have since been solved more accurately on an IBM 7074 digital computer. The
later results show a slight change in the values of 7, as compared to the former.
Figure 3, 4 and 5 show the results of computations of the full equation, allowing
for ohmic resistance. (A value of Ax = 1/20 was found to be satisfactory over
most of the current range.) To avoid confusion, the 1 calculated for the case of ’
no ohmic effect is termed Ty, the polarization at the entering face is termed 7,
and the polarization of practical importance, at the exit face, is termed 7.

The physical picture of the effect of ohmic voltage gradient which emerges
from the solution of the equations is as follows. The flowing electrolyte, with
a high concentration of fuel, enters at one face and, with a suitable polarizationm,
it starts to react. The ionic transfer through the electrolyte, which maintains
charge balance, gives rise to an ohmic voltage gradient. This ohmic effect in-
creases the polarization at further penetration into the electrode and the reaction
rate is increased. Therefore, as the fuel flows through the electrode, it is
consumed more and more rapidly, which increases the cumulative ion transfer, which
causes increased ohmic effect, which increases the rate of consumption and so on.
Thus for a large value of A (the index of ohmic effect) the reaction is concen-
trated towards the exit face of the electrode. This is shown in Figure 6 for
A = 100 and currents of 0.84 and 0.23 of the limiting current. For the larger
value, most of the reaction occurs in the final one-tenth of the electrode. For
the lower value, most of the reaction occurs in the final three-tenths. An
important effect of this concentration of the reaction in a zone towards the exit
face is that radial mass transfer limitations across the pore may come into play
sooner than would be expected if reaction were more uniformly distributed through
the pore.

The curves in Fiéure 3 are calculated for a A/b value of 10. Examining the
curves for T /iy = 107¢ it is seen that m, and 7 lie on either side of the 7 curve.
This is as expected, because the ohmic voltage gradient in the electrode speeds up
the reaction toward the exit face, therefore, the initial activation polarization
N,., has to be less to give a certain i/iL value. As predicted by equations 22 and
1Za, the m, value at low current density (but reaction still irreversible) approaches
Ng» both being given by a Tafel form. At i/iy = 0.1, §-Ny ~ 1/2b. 1If this current
fiowed completely from the left hand face of the electrode, the ohmic drop would be
(i/iL)pLiL = (i/ig)a = (0.1)(10b). 'Thus the actual N-No is one-half the maximum
possible M-M,, as predicted previously by equation 21, Over most of the current
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density range of importance, i/i; from 0.2 to 0.95 for example, the difference
between 7 and Tg is less than 1/% of the maximum possible ohmic effect. Again,
this is reasonable, because the increase in polarization from entrance to exit
in the electrode causes the reaction to proceed faster towards the exit. There-

fore, the mean distance which the current carrying ions have to traverse is

strongly weighted to be near the exit face, giving a relatively small ohmic drop.
Of course, as the limiting current is approached very closely, all of the reaction
occurs towards the entrace face giving the complete ohmic drop. This condition is
only reached as the polarization becomes very large.

We can see, therefore, that the simpler analytical equations leading to
Figure 2 are of value since they predict the main features of the process. The
ohmic effect is a secondary effect. Both Figures 2 and 3 show that a decrease in
the basic parameter Io/i causes a bodily shift of the curves, with no difference
in shape. Considering Figure 2, it can be seen that, as expected, decrease of
I,/iy, by a factor of 10 bodily shifts the polarization curve down by 2.3b volts.
(The 2.3 arises because b is RT/an)F, whereas the normal Tafel coefficient is
2.3RTAan1F.) For a one electron process at room temperature the shift would be
about 0.12 volts, and for a two electron process, 0.06 volts.

In Figure 2, the uppermost curve represents equation 11 with y = 1. This
is a pure concentration polarization curve and applies for all values of iy/ij
above about 1 or 2. The reaction is essentially reversible at all fractional
current densities*, For the more polarized, irreversible curves, -y has no signifi-
cance, but it has a large effect for the reversible case.

The effect of change of A is shown in Figure 4. The results were computed
for A/b = 0, 10, 20, 50 and 100. This covers most of the range likely to be
encountered for electrodes of reasonable porosity and strongly conducting electro-
lytes. Figure 5 shows the polarization for a one electron rate controlling step
at room temperature where the normal Tafel coefficient would be 0.12 volts. For
a given limiting current (given by the flow rate and concentration of reactant),
the important parameters are the effective exchange current T,, the effective
ohmic resistance of the electrolyte in the pores and On;, determined principally
by the number of electrons transferred in the rate controlling step. The ohmic
effect, represented by A, does not give a linear effect on the polarization. For
example, in going from A/b = 10 to A/b = 50, the difference between T and g over
the practical range is not increased 5 times, but less than 5 times. Again, this
is to be expected since the higher ohmic voltage gradient forces the reaction to
occur at nearer the exit face.

Figure 7 shows the results plotted for limiting currents in the ratios 1:2:5,
but with the same T,. This would correspond to a given electrode and fuel at dif-
ferent flow rates. Note that A/b will vary in the same ratio, while TI,/i, will
vary as the inverse of the ratio. Figure 7 shows that the initjal portions of the
curves are almost identical. The figure may be compared with the experimental
results given later.

DATA FROM THE LITERATURE

The theory discussed above was first tested on two sets of experimental
results taken from the literature. The first set (9) is shown in Table 1. The
results for ip = 80 m amps/cm2 are plotted in Figure 8. Comparing with Figure
5 it can be seen that i,/iy = 102, A/b = 20, an; = 1/2, is one set of conditions
that approximately fit the experimental results. The test of these values is
whether they will accurately predict the polarization at the other limiting current

* It should be noted, however, that exp(rn/b) cannot be set equal to 1 + 7m/b over
all the range, because, although reversible, strong concentration polarization
exists.
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TABLE I

2+, 4+
Polarization versus current for anodic reaction of Sn~ /Sn

in a flow-through electrode of porous carbon (9)

Thickness of electrode 2% = 0.4cm
Feed concentration of San_ = 0.26 N
Feed concentration of Sn = 0.30 N
Electrolyte = 6 N HC1
Temperature = 23°C
Area of electrode = .5 cm2
Expt A
i iL n LL n iL n
m amps/cm ma/cm? volts
10 80 0.17 150 400
20 0.23
30 0.27 0.265
40 Flow 0.31 Flow 0.29 Flow 0.30
0.96 1.80 4.92
ml/min ml/min ml /min
50 0.34 0.315
60 0.38 0.34 0.34
70 0.42 0.37
80 0.39 0.375
90 0.41
100 .43 0.41
110 0.46
120 0.50 0.435
140 0.65 0.465
160 0.485
180 0.51
200 0.53
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densities. Thus, for i; = 150 m amps/cm2 io/iL must be (80/150) 10-2 = (5.3)
103, and A/b = (150/80) 20 = 38. For i; = 400 m amps/cm?, iy/ij = (2) 10-3,
A/b = 100, Figures 8a, 8b, 8c compare the predicted with the experimental
values. Bearing in mind that the values of i,/i; = 10-2, A/b = 20, ong = 1/2
were obtained by visual comparison and are thus only estimations, the agreement
between predicted and experimental results is good. Figure 8c also shows the
predicted values of Mg, the activation-concentration polarization without ohmic
effects,

If tﬁe value of A/b is 20 at ip =80 m amps /sq cm then the effective
specific resistance p is given by

A= di; Lp = 20b, p = (20)(0.052)/(0.08)(0.4) ohm cm = 32.5 ohm cm.
The concentrated solutions used (6N HCl) should have a resistivity of about 2

‘therefore

p' = p(e/q) ~ 2 or €/q = 2/(32.5) = 1/16.

This value appears to be lower than the optimum, since we would expect €/q to be
about 1/5 for normal porosities and tortuosity coefficients. However, a tortuosity
factor of 5 and a porosity of about 307 would give the required €/q value, and
tortuosity factors up to 5 or even much higher are often found in compacted bodies
(10). Such high tortuosity factors can sometimes be lowered to more normal values
of about N2 by burning out the carbon to remove constrictions and blockages in

the structure. )

The interesting question now arises as to why anj) = 1/2 gives reasonable
values, when the over-all process is a two electron process. If 0n; is set equal
to 1, b is 0.026. This means that the predicted polarization due to activation -
concentration effects at any given i/iL is very much reduced and more of the actual
polarization must be ascribed to ohmic loss. The values of A/b (and hence q/€)
become much greater; the values of i, and A obtained using one set of experimental
results do not give predictions which fit the other two sets of experiment results.
There is strong evidence, therefore, that the Sn2+ — Sn%+ reaction has a one
electron rate controlling step. An explanation for this has been given by Vetter
(12). - )

T,/1;, for a limiting current of 80 m amps/sq cm is 102, therefore, the
exchange current for the carbon electrode is 0.80 m amps/sq cm. Since the thick-
ness of electrode is 0.4 cms, the exchange current per cubic cm of electrode is
2 m amps. As the internal area of the carbon electrode is now known it is not
possible to convert this figure to a true exchange current per unit area. It must
be recognized that the absence of data on T, Values makes the treatment somewhat
conjectural.

The second set of experimental results obtained from the literature are those
of Perskaya and Zaidenman (8). These authors give essentially the same equation
as equation 14, but they solved it (amalytically) only for a short range of current
density, for low polarization conditions. The analytical form is too complex to
be of much use. 1In one experiment, however, they measured To and M. They used
a 1 mm thick disc of girous platinum prepared from platinum powder and the reaction
studied was Fe2t - Fedt, at equal inlet concentrations of 0.005 N in 1 N H2S504.
Figure 9 shows their results in terms of 7 versus i/ij, for a limiting current of
about 180 m amps/sq cm. These results may be compared to the shape of the 7, o
curves computed for i,/if = 0.5 and A/b = 5, also shown in Figure 9 (if on; is
1/2, the scales of the two figures are identical). The two curves have a strong
resemblance and adjustment of anjp, io/iL and A/b could no doubt be made to bring
the m values into better correspondence. The 7, values, however, appear to be too
different to correct by such an adjustment, since the experimental values approach

the limiting current more gradually than predicted. This may be due to assumption
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iv being false near the limiting current, (see section on Second Limiting Current).

Assuming the values of I /iy to be about 0.5 for the experimental results,
the exchange current per unit volume of electrode is about 0.9 amps/cm3. Parsons
(13) gives the exchange current for this reaction as 6 m amps/sq cm (with a cathodic
any value of 0.58, which suggests an anodic an; of 0.42) on platinum, at 0.015 N
in 2N HySO,. Assuming the same exchange current applies here and correcting for
the difference in concentration, the effective specific area of the electrode would
be (0.9/2)(1000) = 450 sq cm per cm3, which is a reasonable figure. Assuming A/b
to be about 5, b about 0.052 volts, then for i; = 185 m amps/sq cm, P is equal to
14 obm. cm. The specific resistance of 1 N H;50, is about 2.6 ohm. cm, therefore

q/e = p/pl ~ 5.3

5.3 is a very reasonable value since an electrode of, for example, 30% porosity
with a tortuosity factor of N2 would give q/e = &4.7.

EXPERIMENTAL RESULTS

The results reported here have been only recently obtained and insufficient
work has been done to present a complete picture. However, some interesting results
on half cells can be reported which show the limits of the range of application of
the theory presented above. The data has been obtained using a galvanostatic tech-
nique, with a porous electrode mounted in a lucite holder (the circuit and apparatus
will be described in a later report).

To test whether the theory could explain, in a qualitative manner, results
for dissolved fuels such as methanol, a porous electrode made of platinum black
was used. The use of this catalytic material made it possible to reach the
limiting currents at voltages before the oxygen evolution potential. A known
weight of platinum black was compressed between two 80 mesh screens of bright
platinum. For the thicker electrodes made with a greater weight of platinum
black, a third screen was used in the centre of the electrode. The electrode was
clamped in a lucite holder to give compression of the powder. The ohmic resistance
through the electrode material was found to be negligible. A fritted glass disc
was used at the entrance face of the electrode to provide a rigid backing and to
ensure even flow distribution. A counter electrode of platinum screen was mounted
in the lucite tube, in line with the porous electrode. The cell was run vertical-
ly, with the reactant dissolved in the electrolyte entering at the bottom, flowing
threugh the fritted disc and the platinum black electrode, up past the counter-
electrode (at which hydrogen was evolved) and out to a collecter for flow rate
measurement. Evolved gases were taken off from the top of the cell. The voltage
between the electrode and the entering electrolyte was measured versus a saturated
calomel electrode. The electrode-electrolyte voltage at the exit face was also
measured, versus the saturated calomel electrode, by extrapolation to the electode
face of measurements at two known positions downstream.

Blank measurements made without a dissolved reactant showed negligible cur-

rent densities between hydrogen evolution potentials and oxygen evolution potentials.

Some typical results using dissolved fuel are shown in Figures 10 to 13. All tests
were made at room temperature. The broken lines represent the inlet voltage and
the solid lines the exit voltage, where the latter is the curve which shows the
full voltage loss at the electrode (see later discussion of Figure 15). 1In general
the curves were very stable and providing the voltage was not taken too near to
oxygen evolution, it was usually possible to go up and down the curve with negligi-
ble hysteresis.

It is obvious that the results for this type of electrode cannot be completely
explained by the simple theory developed previously. In general, the limiting
currents obtained at the larger flow rates were less than those expected from the

amount of reactant being forced through the electrode. A discussion of the reasons
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for this apparent anomaly is given in the next section.

SECOND LIMITING CURRENT

A study of the results in Figures 10 and 11 show that at low rates of flow,
the limiting current obtained was higher than the expected value. This is partly
due to external back diffusion of unreacted fuel present in the exit volume of
the cell. In time, the flow of fuel-depleted electrolyte will flush out the exit
compar tment, but at low rates of flow this is a slow process. In later tests on
a slow flow rate we kept an electrode near the limiting current for over an hour
and a slow drift of the limiting current to the expected value was observed.

(This was a tedious process since it required constant adjustment of the current
to prevent the potential going to oxygen evolution.) Diffusion from the entrance
volume was negligible due to the sintered glass disc at the entrance, and back
diffusion could have been greatly decreased by using another disc at the electrode
exit. However, this could have prevented the use of a simple extrapolation method
to obtain the exit face polarization. At higher flow rates and limiting currents,
the back diffusion is proportionately less and the flushing of the exit dead space
proportionately faster. It was found that at a flow rate of about 0.4 cm/min the
back diffusion effect was almost negligible.

Figures 10 and 11 also show that at high flow rates the limiting current is
less than that expected. There are at least three possible reasons for this.
Firstly, radial mass transport hindrance across the pores of the electrode might
be significant. Secondly, the rate of chemisorption of the fuel might be rate
limiting, in which case a chemisorption limiting current is obtained when the
fractional surface coverage 6 tends to zero all over the electrode (7). Thirdly,
the electrochemical discharge may be preceded by a dissociation in the bulk of
the pore electrolyte and the limiting current would then be determined by a
limiting rate of the predissociation.

Considering the first possibility, that of radial mass transport, the problem
can be solved with sufficient accuracy by considering the mass transfer analogy to
radial heat transfer in laminar flow systems. The solution for laminar flow, for
a fixed concentration at the wall and for fully developed velocity and concentration
profiles, is given by (14)

Nu = hD/k = 3.66
rate per unit area = h(R, - Rw) (23)

D is the pore diameter; k is the mass transfer coefficient, which is the diffusion
coefficient of the reactant in this case; Ry is the mass flow mean concentration
of reactant and R, is the concentration at the wall of the pore. The assumption

of negligible entrance effects, and fully developed flow, is probably reasonably
good because of the very low Reynold's numbers of flow in fine pores. A limiting
current is clearly reached when = 0 at all points along the wall of the pore.
Let A be the specific geometric ared of the walls of pores, in cm? of area per

cm3 of electrode (note that A does not necessarily equal S). Then the differential
current density in an element dx at the condition where R, = 0 is .

di = oF 3.66(k/D)AR dx (24)
At the same time
di = nFv dR
i= nFV(Ri-Rm)
iL1 = anRi

Therefore,
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R = (1'.Ll - i) /nFv

m
and i L
L2 Ny g

[ "7/ (g, - 1))di = 3.66(Ak/Dv) [ dx

o o
or

ipp/i =1 - e 3.66 (AKL/vD) (25)
Thus the ratio.of the observed limiting current ij; to that of the expected
limiting current i is given by equation 25, where A/D is an unknown factor. ‘An

estimate of the ratio of limiting currents can be made by taking L as 0.1 cm,
k-as 10-5 cm?/sec, v as 1 cm/sec, A as 500 cm?/cm3 and D as 10 microns. The
exponent of the exponential term is then approximately -20 and the radial mass
transport effect would be negligible. However, a 10 fold decrease in the magni-
tude of exponent, given for example by A = 250 cm2/cm3 and D = 50 microns, would
give a significant effect. :

The second possibility, that of a chemisorption rate limitation can be
analyzed by assuming that the limiting rate of chemisorption is given by,

rate per unit area = kR, gm moles/cm?sec. . (26)

This follows from a chemisorption rate equation when 6§ -0, 1 - 8§ - 1. kj is the
rate constant. Egquation 24 is now replaced by’

di = oFkiSR dx.

The treatment then follows as before giving

i p/ipy = 1 - e KLV

The third possibility, of a dissociation before discharge, is similarly
handled by assuming a dissociation rate of
rate per unit volume = kR

A limiting rate is obtained when the reaction is irreversible and the product of
reaction is removed, by electrochemical reaction, as fast as it is formed. Then
the differential current density is given by

di = an2R€ dx

and, as before,

_faarmT 1N
\RZEL, V),

ijp/ipp =1 - e (29)
Thus the three possibilities all give rise to a form
iga/igg = 1 - & OV (30)

where the exponent includes L/v in all cases, but J has a different physical
meaning for the different cases.

If equation 27 or 29 applied it might be expected that different fuels would
give different values of J, whereas if equation 25, that for radial mass transport,
applied then J would be nearly constant for different fuels.

DISCUSSION OF RESULTS

Table 2 shows the ‘value of J calculated for a number of different tests. L
was determined from the weight of platinum black used in constructing the electrode,
from the relation 100 mg per cm? & 1 mm of thickness. For methanol and potassium
formate the value of J was approximately constant, with a mean value of 4.8. When
it is considered that the electrodes are pressed powder and can vary between one
pressing and another, it must be concluded that J is constant within the reproduci-
bility of the system. No significant difference was present between methanol in
acid or methanol in alkali, or between these and potassium formate in alkali. This
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is evidence that the effect is one of radial mass transfer. However, the results
from hydrazine (see below) suggest that if radial mass hindrance is present then
gas evolution reduces this effect. Gas evolution was observed with methanol in
acid electrolyte. For potassium borohydride and hydrazine, on the other hand, J
was again reasonably constant but with a mean value of 35. Bigger J means less
departure from the expected limiting current and would be due to an increased mass
transport factor, increased rate of chemisorption or increased rate of predissoci-
ation. The hydrazine reaction is; )

)
N2H4 + 40H —?Nz + 4H20 + 4e

Vigorous gas evolution from the test electrode was observed. Thus for this type of
electrode, the nitrogen evolved within the electrode may increase the effective
radial mass transport factor; it does not appear to block the electrode. A block-
age of the electrode by trapped gas bubbles would be expected to reduce the ef-
fective internal area of the electrode, leading to higher polarization and a
reduction in J. Blockage does not seem to occur and the reason may be that since
reaction is concentrated towards the exit face, the small bubbles produced by the
reaction may reach the exit face, by vertical travel, before they grow very large.

Decomposition of the borohydride to produce H, was noted at open circuit
conditions. Therefore, some prior decomposition reaction may be postulated,

BH, + 2H,0 B° BO,' + 4H, .

However, the released hydrogen was readily used when appreciable currents were
drawn, giving an over-all reaction,

BH,' + 8 OH' - BOy' + 6H,0 + 8e .

Certainly, some of the hydrogen released to the surface from the borohydride will
never be released as gas under load, since surface hydrogen will be discharged
electrochemically. However, it is possible that enough is released and later
reused to cause increased radial mass transport, comparable to that observed by
hydrazine.

The analysis of J factors given above show that, at least for the platinum
powder electrode, the assumption of a negligible radial mass transfer effect may
not be valid. Alternatively, a slow chemisorption or dissociation may be present.
Although we have not completed the inclusion of these effects in a more compre-
hensive treatment, it is reasonable to suppose that the volitage-current curves wiil
fit into three categories. Case 1 would be where JL/v is large, the interfering
effect is small and the curves correspond to the basic theory. For a one electron
rate controlling step at room temperature, the voltage change between i/i, = 0.1
and i/iL = 0.9, for the center of the 7m,, 71 band, is about 0.15 volts. Case 2
would be for a moderate value of JL/v, such that ijs & i;;, but a considerable
effect on the shape of the curve is present. The effect will be to increase the
general slope of the voltage-current curves, especially near the limiting current.
Case 3 is for a small value of JL/v, which gives a greatly reduced limiting current.
At low currents the curves will be nearly the same, but the greater the effect of
JL/v then the more gradually will the curves approach the limiting current, the
slopes will be greater, and the sharp bend-over near the limiting current for the
T line will be replaced by a gradual approach. Case 2 behaviour can be seen in
Figure 11, the results for potassium formate, where the general slope of the
curves is greater than expected, even when the limiting current is close to the
theoretical value. Figure 10, the results for methanol in basic solution, also
shows this general behaviour but the increase in slope is greater than for the
formate case. This is almost certainly due to two steps of comparable rate being
involved. Other results we have obtained show that formaldehyde is more rapidly
oxidized than methanol or formate, therefore the over-all methanol curve is composed
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of,

methanol slgw formaldehyde f§§t formate slgw carbonate.

If the formate oxidation were much slower than the methanol, two waves in the

_voltage-current plot would be observed. However, since they are of comparable

rate, methanol is reacted to give appreciable concentrations of formate in the
electrode, which then further reacts as the voltage incréases. The two waves
fuze into one long curve,

The analysis of J factors given above indicate that the hydrazine and boro-
hydride reactions are less influenced by the effect. Therefore, it is possible
that results for a high value of L/v for these systems may approach the expected
values for the simple theory. (It is not possible to use too low flow rates,
since back diffusion then becomes appreciable.) Figure 14 shows a comparison of
experimental results with computed results for hydrazine, assuming a value of A/b
of 10, on = 1/2, and a value of T,/ij of 10-3, based on a theoretical open circuit
potential of 1.40 volts (v. saturated calomel). The values were selected from the
difference in entrance and exit polarizations and from the position of the curves
along the voltage scale. 1It can be seen that the shapes of the experimental curves
are in fair agreement with theory up to values of i/ij of about 0.7, after which
they show steeper slopes and a less abrupt change to the limiting current. Thus,
the J factor effect comes into play at the higher current densities, in the expect-
ed manner. The observed open circuit potential is considerably more positive than
theoretical but this is to be expected since, as the voltage is past the hydrogen
evolution potential, a mixed potential will result. Calculation of €/q in the same
manner as before gives a value of about 1/9, which is reasonable.

The results shown in Figures 10 to 13 were deliberately taken at low concen-
trations and flow rates, so that the limiting currents could be reached without
heating effects. At concentrations of several moles/litre, and high flow rates,
the limiting current densities became so great that heating occurred on the passage
of the electrolyte through the electrode. Under these conditions it was possible
to obtain current densities of two or three amps/cm2 at voltages well below the
point of oxygen evolution but, in the design of cell used, the ohmic heating at this
high current caused instability due to boiling of the electrolyte.

The voltage in a fuel cell consisting of two flow-through electrodes using

. fuel and oxidant is illustrated in Figure 15. Line ab represents the voltage change

between the electrode potential at a and the electrolyte at b, at ideal zero cur-
rent conditions. cd is the voltage change from the electrolyte to the cathode ‘under
these conditions. Under load, eb is the loss of voltage, T,j, due to initial
activation polarization on the fuel electrode, while 7; is the total polarization
through the electrode. The line fghi represents the ohmic voltage gradients through
the free electrolyte, gh being that across a separator. ijk is the equivalent ‘
cathode voltage curve to gef for the anode. The terminal voltage is now V, where
V=E, - (M +M +Mp). The results presented in Figures 10 to 13 show only 7
values versus current density for the given fuels. .

CONCLUSIONS

The theory developed for the combined effects of activation, concentration
and ohmic polarization at porous flow-through electrodes is likely to apply for
simple redox systems and electrodes of small pore diameter.  In studies of this kind
of electrode it is essential to make measurements of entering and exit voltage in
order to obtain a complete picture of the process. Results using methanol, formalde-
hyde, potassium formate, hydrazine and sodium hydroboride at non-consolidated electro-
des of platinum black show that further factors are involved. These factors may
include more complex forms of the electrochemical discharge equation, involving a
bulk predissociation or chemisorption step, or a radial mass transfer hindrance,.
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Further work is planned on the theory of such systems. It is also planned to test
the basic equation for simple redox systems and fine-pore consolidated electrodes.

Using platinum black flow-through electrodes at room temperature it was found
that, at appropriate flow rates, methanol could be completely oxidized to carbonate
in alkaline solution or CO, in acid solution. Tests on formaldehyde and potassium
formate in basic solution showed that the formaldehyde is relatively rapidly oxidized
compared to methanol, while formate is only slightly more readily oxidized. It was
not possible to tell whether the chemisorption of methanol or the initial breakdown
of methanol to formaldehyde was the first slow step. On the same type of electrode,
potassium borohydride could be completely utilized giving eight electrons per mole-
cule and hydrazine could be utilized to N,, giving four electrons per molecule. The
evolution of gas did not hinder the performance of the electrode. '
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P LIST OF NOMENCLATURE

A, specific geometric area of pore walls.
L b = RT /anlF
q D, . pore diameter
} £ = exp(n/b) + yexp(-1/b)
p F, Faraday
i, current density
’ ig, true exchange current density
Tp, = ioSL, apparent exchange current density for the electrode
5 . i;, . limiting current demsity )
) i;; = nFvRj, expected limiting current density
\ i obtained limiting current density
J, defined by equations 28, 30, 32, 33
A\ k, mass transfer coefficient of reactant, cm?/sec
\ kq, specific rate constant for chemisorption
ko, rate constant for dissociation
B thickness of electrode, cm
M, number of increments into which L is d1v1ded
? n, number of electrons involved in the reaction
.y, number of electrons involved in the rate controlling step
N'th increment between O and M
, Nu Nusselt number
P, concentration (activity) of product at distance x in the electrode
P, - initial value of P, at x = 0
’ . q, tortuosity factor for conduction in electrolyte in the pores of

the electrode
: Q = exp(n/b) - exp(-n/b)

R, concentration (activity) of reactant at distance x in the electrode
"Ry, initial value R, at x = 0
RT, gas constant times absolute temperature
s, effective specific area of electrode interior, cmz/cm
v, velocity of flow of feed, cm/sec
X, distance into electrode from entrance face
Y X = x/b :
a, transfer coefficient in the direction of reaction
A = i; fL, maximum ohmic polarization
a = A/b
€, porosity of the electrode
n, polarization
7 =ak
o =n -,
To> polarlzat1on at entrance face
A Ns» Polarization with negligible internal olmic effect
Y, ratio of inlet reactant concentration to inlet product concen-
tration )
p effective specific resistance of electrolyte in the pores, ohm.cm
pi, true specific resistance of the electrolyte
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FIGURE 12 Fuel, O.IM NyH, ; Electrolyte, 4M KOH; Electrods, 80 mg/cm2 Pt black.
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= Computed curve for A/b =10, [,/i * 1079
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